H. macrophylla and H. paniculata were produced using embryo rescue, but the resulting plants were sterile and lacked vigor (Reed et al., 2001; Reed, 2004) . Hydrangea inacrophylla xH. arborescens hybrids were also produced using embryo rescue, but only plants that were regenerated from callus derived from cotyledonary tissue survived (Kudo and Niimi, 1999a) . Resulting progeny were shown to be aneuploid (Kudo and Niimi, 1999b) . These researchers also reported producing putative H macrophylla x H. quercfolia hybrids using embryo rescue (Kudo et al., 2002) , but no details are available about the vigor or fertility of this interspecific hybrid.
Recently, a few H. macrophylla plants termed remontant, or reflowering, have been identified (Dirr, 2004; Adkins and Din, 2003) . These plants, which were released under the names 'Bailmer' (Endless Summer), 'Oak Hill', 'Penny Mac', 'Decatur Blue', 'David Ramsey' and 'Forever and Ever', appear to be genetically and phenotypically similar (Din, 2004; Lindstrom et al., 2003; T.A. Rinehart, personal communication) . Floral initiation studies indicated that while nonremontant cultivars have photoperiod and temperature requirements that must be satisfied before flower buds are set, neither 'Balimer' nor 'Penny Mac' have such requirements (Orozco-Obando and Wetzstein, 2004) . Because they flower on current year's growth. remontant H. macrophylla cultivars should flower reliably every year.
Although the discovery of remontancy in H. macrophvlla helps satisfy the need for more reliable flowering in this species, Hvdrangea interspecific hybridization offers opportunities for further improvements within the genus. No evidence has been presented that remontant H. macrophylla cultivars have any greater root hardiness than nonremontant cultivars, which may limit their use in the coldest parts of the country. Hydrangea paniculata and H. arborescens are the most cold hardy members of the species (Din, 1998) . While the flowers ofsome cultivars of H paniculata age to pale pink, at maturity the flowers of both of these species are white. Incorporation of blue flower color into either H. paniculata or H. arborescens would greatly improve the appeal ofthese species. I-Ivdrangea macrophylla is the only member of the genus to produce deep blue flowers, although lavenderblue flowers are found in H. involucrata (Din, 2004; van Gelderen and van Gelderen, 2004) . Hydrangea involucrata is rated as hardy to USDA Cold Hardiness Zone 6 or 7 and grows to I m in height. In addition to flower color, its large velvety leaves have ornamental appeal. An interspecific hybrid between H. involucrata and its close relative H. aspera is available in the trade (Din, 2004) , but no other wide hybrids involving H. involucrata have been reported. The objective of this study was to determine if H. involucrata could be hybridized with H. paniculata or H. arhorescens for the purpose of combining cold hardiness and flower color. Hybrids were verified using molecular markers, somatic chromosome counts and morphological comparisons of hybrids and parents.
Materials and Methods
Pollinations. The following plants were used in this study: H involucrata; H. paniculata 'Burgundy Lace', 'PinkDiamond,'and 'Tardiva'; and, H arborescens 'Dardom' (White Dome) and 'Annabelle'. Plants were grown in 26.4-L containers in full sun (H. paniculata and 'Annabelle') or under 60% shade ('Dardom' and H. involucrata) and were irrigated using spray stakes. Growing medium consisted of pine bark amended with 6.6 kg-m-1 19N-2. 1 P-7.4K Osmocote Pro fertilizer (Scotts-Sierra Horticultural Products Co., Maryville, Ohio), 0.6 kgm3 Micromax (Scotts-Sierra Horticultural Products Co.), 0.6 kgm 3iron sulfate, and 0.2 kg-m' Epsom salts. Plants were brought into a greenhouse 4 to 5 d before making pollinations. About 3 weeks after pollinations were completed, all plants were moved outside to a 60% shade structure. flats. Seed trays were placed in a heated (26 °C day! 18°C night) greenhouse under mist. Bottom heat was provided during germination. Seedlings were transplanted to individual 5.7 x 4.9 cm cell packs containing Pro Mix BX (Premier Horticulture, Quakertown, Pa.) when the second set of true leaves had developed. Seedlings were later transplanted to square 12.7 cm pots and then to 11.4 L containers using the pine bark growing medium described above. Plants were grown in a greenhouse throughout the study, but during Winter 2004-OS they were placed in an unheated greenhouse and allowed to go dormant. Molecular analysis. Leaf tissue from progeny and parents was collected, freeze-dried, and maintained at -70 °C until needed. DNA was extracted using a Qiagen DNeasy Plant Mini Kit (Valencia, CA) and diluted to 10 ngtL' after estimating concentration by comparing with known standards on an agarose gel. Primers were obtained from the University of British Columbia (U BC, Vancouver, British Columbia, Canada) and selected based on results from Reed et al. (2001) . From UBC set 100!4, 11 primers (302, 308, 319, 335, 336, 337, 338, 341, 345, 349, and 358) were chosen to verify hybridity of putative interspecific Hydrangea plants because these primers produced consistent clarity and reproducibility of polymorphic bands among samples tested. Amplification reactions were carried out in 25-pL volumes containing I x Eppendorf AG MasterMix (Hamburg, Germany), 0.2 pm primer, and 10 ng DNA template. Amplification involved an initial denaturation step of 95 °C for min and then 45 cycles of 95 °C for 1 mm, 36 °C for 1 min and 72 °C for 2 mm. This process was followed by a final extension step of 72°C for 8 mm. PCR products were separated in 1% (w/v) agarose gels in lx TBE by electrophoresis at 120V for 35 mm. Gels were stained with ethidium bromide and reaction products were viewed using anAlphalmager (Alpha Innotech Corp., Alameda, Calif.). RAPD reactions were repeated at least once to ensure reproducibility of the amplification products.
Morphological comparisons. In Summer 2004, cuttings were made from parents of plants that had been molecularly confirmed to be hybrids. Cuttings were dipped for 5 s in 4.9 mm indole-3-butyric acid in 50% ethanol, stuck into 1 peat: I perlite (by volume), and placed under mist. The following spring the rooted cuttings were moved to 11.4-L containers and placed under the same greenhouse conditions as the hybrids so that parents and progeny would be exposed to similar day-lengths, light intensities and temperatures. Blade length, blade width and petiole length were measured from the third node on five shoots of each hybrid and parent in Summer 2005.
Mitotic cytology. Root tips collected from hybrids and parents were immersed in 0.1 mm colchicine for 3 It at room temperature (20°C ). Root tips were then rinsed in distilled water, and fixed in a solution of 95% ethanol: chloroform: acetic acid (6:3:l)for 24 It room temperature. Finally, root tips were transferred to 70% ethanol at -20 °C until needed. Before examination, root tips were hydrolyzed in 5 N HCI for 7 mm, rinsed with distilled water, and soaked in 1% acetocarmine for 20 mm. The meristematic region ofthe root tip was squashed in acetocarmine and chromosomes counted. Ten metaphase cells from each parent and at least two cells from each of three hybrids were examined. Lack of quality roots in the progeny precluded availability of sufficient material for additional chromosome counts.
Pollen viability. Flowers were collected on the day of anthesis from the one confirmed hybrid that flowered and from its parents. Three anthers from each flower were placed on a microscope slide and squashed in a drop of 1% aceto-carmine stain. Specimens were examined using a light microscope and pollen scored as stained or unstained. Five fields of 100 pollen grains each were counted and a mean number of stained grains calculated for each slide.
Statistical analysis. Analysis of variance (ANOVA) and mean separations of leaf measurements and pollen viability were performed using the General LinerModel procedure ofSAS (version 9.1; SAS Institute, Cary, NC.). Mean separations were based on the least significant difference (LSD) after a significant F test (P 0.05) in the ANOVA.
Results and Discussion
Pollinations. Viable seed were collected from hybridizations of H. arborescens and H. involucrata, but only when H. arborescens was used as the maternal parent ( Viable seeds were obtained from crosses of H. paniculata and H. involucrata, but only when H. pan iculata 'Tardiva' or 'Pink Diamond' was used as the maternal parent. About 5% of the seed from the H. paniculata x H. involucrata hybridizations germinated, and all seven seedlings survived.
Molecular analysis. Eleven RAPD primers each produced one to five polymorphic bands that distinguished between Hydrangea species and ranged in size from 300 to 2000 base pairs. The seven surviving 'Dardom' x H. involucrata progeny showed either a sum of the bands of both parents (Fig. 1) , or banding patterns that matched those of H. involucrata. Based on this evidence, all the 'Dardom' x H. involucrata progeny appear to be hybrids.
The banding patterns of the one plant obtained from H. arbore,scens 'Annabelle' x H. involucrata hybridizations were identical to those of 'Annabelle'. All banding profiles from the seven progeny of the H. paniculata x H. involucrata crosses were also identical to their maternal parent; none of the RAPD markers were paternal-specific. The morphological similarity between these plants and their maternal parent provides additional support that the plants we obtained from crosses of'Annabelle' and H. pan/cu/ala with H. invo/ucrata are not interspecific hybrids.
Morpho/ogicaicomparisons. Average blade length and blade length/width ratio were intermediate between the two parents in the Dardoni'
H. int'olucrata hybrids (Table 2) . Average blade width and petiole length were similar in the hybrids and H. invo/ucrala. These results provide additional evidence of hybridity.
One of the seven 'Dardom' x H. ini'olucrata hybrids produced one inflorescence in Summer 2005 (#735-2. Fig. 2) . The inflorescence, which was 4 cm wide, consisted primarily of small, inconspicuous flowers, but a few flowers with slightly larger sepals were present in the outer whorl of flowers. Sepal color was white. This inflorescence may not be a true indicator of the floral characteristics of the hybrid as the plant that flowered was the smallest and weakest of the hybrids. Pollen viability was estimated in the hybrid and its parents. The parents had statistically similarpollen stainability, with 88% in 'Dardom' and 90% in H. irn'olucrata, while only 1% of the pollen in the hybrid was stainable.
Mitotic cytology Examination of mitotic root tip cells revealed 38 chromosomes in H. arbore.scen.s ' Dardom ' (Fig. 3) . Previous studies have reported 36 (Sax, 193 1; Cerbah et al., 200 1 ) or 38 (Kudo and Niimi, 1999b) chromosomes in H. a,horescens. Our results support those ofKudo and Niimi (1999b), who studied 'Annabelle.' We observed 30 chromosomes in H. involucrata (Fig. 3) , which is consistent with previous studies of this species (Funamoto and Tanaka, 1988; Cerbah et al., 2001 (Kudo and Niimi, 1999a; Kudo et al., 2002; Reed, 2000) , H. arborescen,s' ' Dardom' x H. int'olucrata hybrids did not require embryo rescue. Difficulty in creating interspecific hybrids usingH. macrophyila maybe partially explained by recent phylogenetic research using simple sequence repeat (SS R) markers, which indicates that H. pan/cu/ata, H. invo/ucrara, H. arborescens, and H. querc(fb//a are all more closely related to each other than to H. macroph v/la (T. Rinehart, personal communication).
The one 'Dardom' x H. invo/ucrata hybrid that flowered produced a small, unattractive inflorescence with white sepals. Fertility, as estimated by pollen staining, was low. However, unlike the H. macroph il/a x H. paiiiculaia hybrid, which produced petaloid anthers (Reed, 2004) , no floral modifications were noted in the 'Dardom' x H. invo/ucrara hybrid. As additional hybrids flower, efforts to utilize this hybrid in a breeding program will be made by p •11 S -0 I attempting full-sib crosses and backcrosses to both parents. Chromosome doubling also offers an opportunity to increase fertility and allow the production of advanced generation progeny. If 'Dardom' x H. invo/ucrara hybrids can be used as parents in crosses, segregation may eventually provide individuals exhibiting both blue flower color and cold hardiness.
